Microelectrode neural probes facilitate the functional stimulation or recording of neurons in the central nervous system and peripheral nervous system. We have prepared conducting polymers such as polypyrrole (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) in templated nanostructures for neural prosthesis applications. [19, 20] Minimizing the electrode impedance is an important requirement for obtaining high-quality signals (high signal-tonoise ratio). [21] We have shown previously that PPy and PEDOT can decrease the impedance of the recording sites. [19, 20, 22] Here we show that PEDOT nanotubes that have a well-defined internal and external surface texture further decrease the electrode impedance by increasing the effective surface area for ionic-to-electronic charge transfer to occur at the interface between brain tissue and the recording site. We demonstrate that the release of dexamethasone can be precisely controlled by external electrical stimulation of PEDOT nanotubes. In order to produce the nanotubular conducting polymers, nanofibers of biodegradable poly(L-lactide) (PLLA) or poly(lactide-co-glycolide) (PLGA) were first electrospun onto the surface of a neural probe followed by electrochemical deposition of conducting polymers around the electrospun nanofibers. In a final step, the fiber templates can be removed or allowed to slowly degrade, providing additional means of controlled delivery of biologically active agents incorporated into the fibers themselves (Fig. 1 ).
PLLA and PLGA were considered as suitable polymers for the template since they can be readily processed into nano-scale fibers, are stable during electrochemical deposition of the conducting-polymer coating, and can be easily removed under conditions that leave the wall material intact. [23] PLLA/PLGA nanoscale fibers and dexamethasone-incorporated PLGA nanoscale fibers were collected on the microfabricated electrode tips and gold-coated silicon wafers, respectively. The diameters of the nanoscale fibers ranged from 40-500 nm with the majority being in the range 100-200 nm ( Fig. 2A) . The nanoscale fibers were distributed randomly on the surface of the probe (Fig. 1F) . The thickness of the resulting fiber mesh depended on the duration of the electrospinning process. When using a volatile solvent such as chloroform and dichloromethane, a well-defined surface texture was observed on the surface of the electrospun fibers ( Fig. 2A) . [24] This rough surface morphology is useful for templating a similar structure into the subsequently deposited PEDOT coating.
Most of our work has focused on the oxidative electrochemical polymerization of PPy, PEDOT, and PEDOT derivatives. [19, 20, 22, 25] After preparation of the PLGA and PLGA/ dexamethasone nanoscale fibers, PEDOT doped with phosphate-buffered saline (PBS) was electrochemically polymerized on the electrode sites. After PEDOT deposition, the PLGA fibers were removed by soaking in dichloromethane for 5 min. Figures 1E-H display optical micrographs of acute neural probes during the surface modification process. PEDOT was grown on the gold metal electrode sites and then grown up and around the PLGA nanoscale fibers by creating three-dimensional (3D) nanotubular structures of PEDOT (Fig. 2B) . Focused-ion-beam (FIB) instruments are useful for local nanoscale machining and structural characterization. [26] We used the FIB to make cross sections of the PEDOT nano-fibers deposited on the microfabricated electrodes. As shown in Figures 2C,D the PEDOT nanofibers are hollow as expected from the impedance results. Figures 2E,F show the hollow fiber morphology of PEDOT with well-defined internal and external texture. The internal texture is replicated from the external texture of PLLA/PLGA electrospun nanoscale fibers. [27] The wall thickness of the PEDOT nanotubes varies from 50 to 100 nm, and the nanotube diameter ranges from 100 to 600 nm. By controlling the polymerization time, we could reproducibly prepare tubular structures with thin or thick walls by using shorter or longer deposition times, respectively.
Since it has been reported that conducting polymers actuate under applied voltages, [11, 15] we hypothesized that these nanotubes could be used to deliver small amounts of bioactive species. This task can be accomplished either by passive delivery resulting from controlled degradation of the PLLA/PLGA or other matrix polymer used in the core (Figs. 3C,D) [28] or by actively actuating the drug-loaded nanotubes with an applied electrical field (Fig. 3F) . UV spectrophotometry was used to determine the release profile of dexamethasone from the PLGA nanoscale fibers and PEDOT nanotubes. We monitored the absorption at a wavelength of 237 nm, which corresponds to the absorbance peak of dexamethasone. The amount of incorporated dexamethasone within PLGA nano-scale fibers on each sample was approximately 2 mg. We found that about 75 % of the dexamethasone loaded in PLGA nanoscale fibers was released after seven days as a result of fast hydrolytic degradation by means of bulk erosion and backbone cleavage of PLGA fibers. Adding the PEDOT sheath layer around the drug-loaded electrospun PLGA nanoscale fibers dramatically slowed down the rate of drug release. Less than 25 % of the dexamethasone was released after 54 days, presumably because the diffusion of dexamethasone through the walls of the PEDOT nanotubes was difficult, requiring the molecules to migrate to the tube ends before being released. On the other hand, a small portion of drug diffused into the solution in the absence of any PEDOT actuation, while the reminder was trapped inside the PEDOT nanotubes. We successfully demonstrated controlled release of the drug by electrical stimulation of the PEDOT nanotubes. To electrochemically control the nanotube actuation, we used an Autolab PGSTAT 12 galvanostat/potentiostat with a conventional four-electrode configuration. We used platinum wire as the counter electrode and Ag/AgCl as the reference electrode. The drug-loaded PEDOT nanotubes were actuated by applying a positive voltage of 1 V with a scan rate of 0.1 V s -1 for 10 s (charge density 0.8 C cm -2 ) at five specific times. As illustrated in Figure 3F , during reduction of the PEDOT nanotubes (positive voltage bias), electrons were injected into the chains and positive charges in the polymer chains were compensated. To maintain overall charge neutrality, negatively charged counterions were expelled towards the solution and the nanotubes contract. [12, 29] PEDOT contraction then produced a mechanical force creating pressure within the nanotubes. The hydrodynamic force inside the nanotubes caused expulsion of PLGA degradation products and dexamethasone, presumably either through the ends of PEDOT nanotubes or though openings or cracks on the surface of the nanotubes created by actuation. A control experiment was also carried out to show that dexamethasone did not exhibit significant diffusion though the PEDOT nanotube walls. In this experiment, dexamethasone was incorporated inside the PEDOT film layers; no dexamethasone elution into the media was detected. After electrical excitation a significant increase in the amount of dexamethasone released was observed (Fig. 3G) . The externally applied voltage bias provides a means of controlling the release of the drug, as has been seen for other conducting polymers. [17] Here, the expansion and contraction of the nanotube provides an additional means for controlling the kinetics of drug release. It was anticipated that the amount of drug release would be directly related to the contraction force and the duration of the contraction, as controlled by the externally applied voltage.
Electrochemical impedance spectroscopy was used to explore the conductivity of the polymer coatings over the frequency range 1 Hz-100 kHz. The impedances at 1 kHz are particularly important because they correspond to the characteristic frequency of neuronalaction potentials. [30] The electrode's impedance across all frequencies was moderately increased by electrospinning of the non-conductive layer of PLGA fibers. Specifically the impedance at 1 kHz was increased by about two orders of magnitude (Fig. 4A) . However, this impedance significantly decreased with subsequent deposition of the conductingpolymer nanotubes; specifically the impedance at 1 kHz was decreased by about four orders of magnitude, a net decrease of two orders of magnitude from an unmodified electrode (Fig.  4A) . By monitoring the impedance as a function of deposition time at 1 kHz, we found that the impedance initially decreased dramatically and then slowly increased, as has been seen previously for other conducting-polymer films. [19, 20, 31] The initial impedance of the bare gold sites was 800 ± 20 kΩ for acute (1250 μm 2 ) and 4 ± 0.08 MΩ for chronic (1600 μm 2 ) probes at 1 kHz. The corresponding values of impedance decreased to a minimum of 8 ± 2kΩ (acute probes, after 18 μC of total deposition charge) and 1.0 ± 0.2 kΩ (chronic probes, after 18 μC of total deposition charge) by growing PEDOT around the PLGA nanoscale fibers. These values decreased further to 4 ± 1kΩ (acute) and 800 ± 85 Ω (chronic) after removing the PLGA template fibers and creating nanotubular PEDOT (Fig. 4A ). These extremely low values of electrode impedance are expected to significantly enhance the performance of these probes in vivo. This method has resulted in the largest decrease of the 1 kHz impedance multiplied by electrode area (5 MΩ × μm 2 for acute and 1.3 MΩ × μm 2 for chronic) of any coating design developed to date in our laboratory or reported in literature. [31] Cyclic voltammetry (CV) was used to investigate the charge-transfer capacity through the electrodes after surface modification with PEDOT nanotubes. The microelectrode was swept through a potential of -0.9 to 0.5 V at a scan rate of 100 mV s -1 . During CV, the coating undergoes reduction and oxidation due to movement of counterions in and out of the PEDOT coatings. The oxidization and reduction reactions involve current flow through PEDOT that appears as peaks (I pc and I pa , cathodic and anodic current peaks, respectively) on the CV graph. As shown in Figure 4B , the peak value increased from 0.16 to 0.25 μA by removing the PLLA/PLGA core fibers from the PEDOT shell fibers, evidently due to the corresponding increase in the effective surface area. The charge-transfer capacity was also calculated from the integrated area of the CV graph. The charge-transfer capacity of the electrode site increased from 0.001 ± 10 -4 to 2.8 ± 0.5 μC (about three orders of magnitude) by growing PEDOT around the PLLA/PLGA nanofibers. This value increased significantly to 4.9 ± 0.6 μC after making the PEDOT nanotubes. Scanning electron microscopy images of the electrode sites show the growth of PEDOT around the PLGA fibers after electrochemical deposition. PEDOT nucleated on gold at the electrode site and grew around the PLLA/PLGA nanoscale fibers creating a 3D mesh of PEDOT nanoscale fibers (Fig. 2B ).
In summary, we have demonstrated that the impedance of the neural microelectrodes can be significantly decreased (by about two orders of magnitude) and the charge-transfer capacity significantly increased (about three orders of magnitude) by creating conducting-polymer nanotubes on a gold electrode surface. We can precisely release individual drugs and bioactive molecules at desired points in time by using electrical stimulation of the nanotubes. We believe this method provides a generally useful means for creating low impedance, biologically active polymer coatings, which will facilitate integration of electronically active devices with living tissues. Other potential biomedical applications of these molecule-eluting, electrically active polymer nanotubes include highly localized stimulation of neurite outgrowth and guidance for neural tissue regeneration, and spatially and temporally controlled drug delivery for ablation of specific cell populations. We are actively investigating the use of these materials for functionalizing microelectrodes on neural prostheses and biosensors. However, we also expect this technique to be of interest for application within a broad range of fields such as organic chemistry, biomedical engineering, and pharmacology. 
Fabrication of Electrospun Nanoscale Fiber Templates
PLLA/ PLGA and PLGA nanoscale fibers loaded with dexamethasone were prepared by electrospinning. The PLLA solution was prepared by dissolving 0.72 g PLLA in 10 mL of chloroform at a temperature of 50 °C for 10 h in order to have a homogenous solution with PLLA concentration of 4 % (w/v). The PLGA solutions consisting of 2.7 g PLGA and 10 mL chloroform were stirred at a temperature of 55 °C for 5 h to obtain a homogenous solution with a concentration of 15 % (w/v). A mixture of 2.5 g PLGA and 0.675 g dexamethasone was added to 9 mL chloroform and this solution was stirred at a temperature of 55 °C for 10 h to prepare a homogenous solution with a concentration of 15 % (w/v) PLGA and 3.75 % dexamethasone. PLGA and dexamethasone-loaded PLGA nanoscale fibers were directly deposited on ten microfabricated electrode arrays and forty five goldcoated silicon wafers (2 cm × 2 cm), respectively by electrospinning. The electrospinning process was carried out in an electrical field of 0.6 kV cm -1 with a flow rate of 0.25 mL h -1 . The neural probes were held at a distance of 11 cm from the syringe needle.
Electrochemical Deposition of Conducting Polymers
The electro-chemical process was performed for acute and chronic probes on each electrode site by using an Autolab PGSTAT 12 (EcoChemie, Utrecht, The Netherlands) in galvanostatic mode with a conventional four-electrode configuration at room temperature. EDOT monomer (21.4 μL) was added to 10 mL of PBS and stirred at room temperature to obtain a EDOT concentration of 0.02 M. The solution was purged with nitrogen gas for 20 min. The working and sensing electrodes were connected to the electrode site. The reference and counter electrode were connected to a platinum wire in the EDOT-PBS solution. EDOT was polymerized on each electrode site and around the PLGA-and PLGA-loaded dexamethasone nanoscale fibers at a current density of 0.9 mA cm -2 for 30 min. After electrochemical deposition was complete, the PLGA core fibers were removed by soaking the probe tips in dichloromethane for 10 min.
Electrochemical Impedance Spectroscopy
An Autolab PGSTAT 12 and Frequency Response Analyzer software were used to record impedance spectra of electrode sites for ten neural probes. A solution of 0.1 M PBS (pH 7) was used as the electrolyte in a four-electrode cell. The working electrode was connected to the electrode site through a connector. The counter electrode was connected to a platinum foil that was placed in a glass container. An Ag/AgCl reference electrode and the neural microelectrode tip were immersed in a glass container of the electrolyte. An alternating current sinusoidal signal, 5 mV in amplitude, was used to record the impedance over a frequency range of 1-10 5 Hz.
Cyclic Voltammetry
CV was performed for ten neural probes using an Autolab 12 instrument in a four-electrode configuration, as described earlier. A scan rate of 100 mV s -1 was used, and the potential applied to the working electrode was swept between -0.9 and 0.5 V. Before each CV curve was recorded, several cycles were swept to insure that the film had reached a stable state. The data was captured by using general purpose electrochemical software (GPES).
In-Vitro Release Study
The release of dexamethasone from PLGA and PEDOT-coated PLGA nanoscale fibers (PEDOT nanotubes) for fifteen samples (total forty five samples) was monitored as a function of incubation time in PBS at 37 °C. The samples were immersed in 50 mL of PBS (pH 7.4). At specific times the concentration of dexamethasone in the solution was determined by a DU UV-vis Spectrophotometer (Beckman Coulter Inc.) at 237 nm.
Electrical Stimulation of Drug-Loaded PEDOT Nanotubes
To electrochemically control the nanotube actuation, an Autolab, PGSTAT 12 (EcoChemie, Utrecht, The Netherlands) galvanostat/potentiostat, was used with a conventional fourelectrode configuration. We used platinum wire as the counter electrode and Ag/AgCl as the reference electrode. The drug-loaded PEDOT nanotubes were actuated by applying a positive voltage of 1 V with scan rate of 0.1 V s -1 for 10 s at five specific times for fifteen samples. Schematic diagrams illustrating the surface modification of neural microelectrodes to create nanotubular PEDOT: A) electrospinning of biodegradable polymer (PLGA) fibers with well-defined surface texture (1) on the probe tip, B) electrochemical polymerization of conducting polymers (PEDOT) (2) around the electrospun fibers, and C) dissolving the electrospun core fibers to create nanotubular conducting polymers (3). Optical micrograph of: E) the gold electrode site, F) the electrode site after electrospinning showing the coverage of the PLGA electrospun nanoscale fibers, G) the electrode after electrochemical deposition of PEDOT on the gold site and around the electrospun fibers, and H) the electrode after removal of the core nanoscale fiber templates. Scanning electron micrographs of PLGA nanoscale fibers and PEDOT nanotubes. A) diameters of the PLGA fibers were distributed over the range 40-500 nm with the majority being between 100-200 nm. B) Electropolymerized PEDOT nanotubes on the electrode site of an acute neural probe tip after removing the PLGA core fibers. C) A section of (B) cut with a FIB showing the silicon substrate layer and PEDOT nanoscale fiber coating. D) Higher-magnification image of (C) showing the PEDOT nanotubes crossing each other. E) A single PEDOT nanotube which was polymerized around a PLGA nanoscale fiber, followed by dissolution of the PLGA core fiber. This image shows the external texture at the surface of the nanotube. F) Higher-magnification image of a single PEDOT nanotube demonstrating the textured morphology that has been directly replicated from the external surface of the electrospun PLGA fiber templates. The average wall thickness of PEDOT nanotubes varied from 50-100 nm, with the nanotube diameters ranging from 100 to 600 nm. Schematic illustration of the controlled release of dexamethasone: A) dexamethasone-loaded electrospun PLGA, B) hydrolytic degradation of PLGA fibers leading to release of the drug, and C) electrochemical deposition of PEDOT around the dexamethasone-loaded electrospun PLGA fiber slows down the release of dexamethasone (D). E) PEDOT nanotubes in a neutral electrical condition. F) External electrical stimulation controls the release of dexamethasone from the PEDOT nanotubes due to contraction or expansion of the PEDOT. By applying a positive voltage, electrons are injected into the chains and positive charges in the polymer chains are compensated. To maintain overall charge neutrality, counterions are expelled towards the solution and the nanotubes contract. This shrinkage causes the drugs to come out of the ends of tubes. G) Cumulative mass release of dexamethasone from: PLGA nanoscale fibers (black squares), PEDOT-coated PLGA nanoscale fibers (red circles) without electrical stimulation, and PEDOT-coated PLGA nanoscale fibers with electrical stimulation of 1 V applied at the five specific times indicated by the circled data points (blue triangles). H) UV absorption of dexamethasone-loaded PEDOT nanotubes after 16 h (black), 87 h (red), 160 h (blue), and 730 h (green). The UV spectra of dexamethasone have peaks at a wavelength of 237 nm. Data are shown with a ± standard deviation (n = 15 for each case). Impedance spectroscopy and CV: A) impedance spectrum of an acute neural probe site over a frequency range of 1-10 5 kHz: bare gold (filled squares), with electrospun PLGA fiber templates (diamonds), with PLGA fibers and electrochemical polymerized PEDOT (circles), or with PEDOT nanotubes by removing the PLGA core fibers (filled triangles). B) CV of an acute neural probe: bare gold (crosses), with PLGA electrospun fiber templates and electrochemical deposition of PEDOT (circles), or with PEDOT nanotube fibers prepared by removing the PLGA core fibers (filled squares). The potential was swept from -0.9 to 0.5 V at a scan rate of 100 mV s -1 .
